Comprehensive characterization of glioblastoma tumor tissues for biomarker identification using mass spectrometry-based label-free quantitative proteomics.
annually. GBMs are characterized as World Health Organization grade IV gliomas due to their extreme invasiveness and poor prognosis. These diffuse and invasive brain tumors result from the transformation of glial cells or their precursors in the central nervous system. Treatment of GBM consists of surgical resection, radiation, and chemotherapy. Although advances have been made in conventional therapies over the past three decades, virtually all GBMs are ultimately resistant to current modalities of treatment and inevitably recur (25) . Thus, there might be a common underlying physiological process responsible for tumor recurrences across all GBM patients. The prognosis for patients with GBM is grim, with a median duration of only ϳ17 mo after diagnosis, and Ͻ5% survival more than 3 years after diagnosis (19, 34) . Thus, there is a desperate need to better understand the molecular mechanisms associated with GBM tumorigenesis and to identify therapeutic targets for the treatment of this deadly brain tumor.
Molecular biomarkers are cellular molecules (DNA, mRNA, miRNA, proteins, and metabolites), which can be used as indicators of biological processes and pathogenic states. Therefore, they can provide information regarding diagnosis, prognosis and response to therapeutic intervention. These cellular molecules can be identified in tumor tissue specimens, blood plasma/serum or cerebrospinal fluid. Tumor tissue biomarkers are important as they lend insight into the biological processes involved in tumorigenesis.
Gene expression-based methods provide valuable insights to the genomic alterations in the disease condition; however, they do not necessarily reflect the protein expression profile and cellular signaling pathways activated due to regulation of mRNA translation into protein. Proteomic studies for biomarker discovery provide important insights into the pathophysiology of a disease. Thus recently, mass spectrometry (MS)-based proteomics techniques reflect important emerging frontiers in the field of GBM tumor biomarker discovery. Proteins play a direct role in dictating signaling pathways and cellular activities; thus directly measuring their abundance can provide valuable biological insights. Proteomes, the global expression of proteins, change during progression from a healthy to a diseased state. Proteins found to be differentially expressed compared with control samples are thought to play important and direct roles in the cellular mechanisms related to disease. Thus, many existing drug therapies aim to alter the expression or the activity of a specific protein found to be differentially expressed (6, 11) . In addition, differentially expressed proteins that do not play a direct role in disease formation are thought to be the by-products of a disease state, which may be used as potential diagnostic biomarkers of a disease.
Over the last few years, a number of different methods have been developed to quantitatively compare proteomic data sets. The most common approach is by two-dimensional (2D) gel electrophoresis and 2D-differential in-gel electrophoresis (DIGE) for protein quantification followed by MS for protein identification. However, 2D gel-based approaches are limited by poor reproducibility, insufficient resolution of proteins, and low throughput (42) . In recent years, several MS-based quantitative techniques have been developed for the direct comparison of protein expression levels between two or more different samples. Some of these require the incorporation of an isotopic label, either metabolically (SILAC), by chemical labeling (ICAT, ICPL), by enzymatic labeling (18O labeling), or with an isobaric tag (iTRAQ, TMT) (42) . These methods have the following limitations: 1) metabolic labeling approaches require growth of cells in culture that preclude use with patient material; 2) problems arise in achieving high levels of labeling; and 3) greatly increased financial expense is associated with proprietary reagents. Moreover, uniform labeling strategies are not feasible in serial experiments that need to be done on samples acquired at different time points (months to years), as per serial clinical sample analysis in this study. An alternative to overcome these limitations is to use label-free methods. A quantitative label-free spectral counting is based on the principle that increased protein concentration gives a greater number of peptides and total MS scans per protein identification Fig. 1 . A: proteomics workflow for the identification of differential protein expression in glioblastoma (GBM) using label-free quantification proteomics: GBM and epileptic brain tissue (EL) samples were analyzed separately by SDS-PAGE with internal DNA markers followed by in-gel trypsin digestion and nano-liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis on a Thermo LTQ Orbitrap Velos instrument in triplicate. Protein identification was carried out by SEQUEST algorithm and spectral counting quantification by Visualize tool. The differentially expressed proteins were further characterized by Ingenuity Pathway Analysis (IPA) network analysis. Proteins significantly altered and associated with cancer and GBM were validated by Western blotting. B: SDS-PAGE separation of tumor proteome from GBM and control EL samples. An internal DNA marker was used for consistent fractionation of the in-gel separated proteins. Gels were cut at 110 and 55 kDa protein, which is equivalent to elution of DNA of 0.85 and 0.30 kb. Thus, each fraction is cut into high (H), medium (M), and low (L) mass fractions, thereby reducing the complexity of the proteome before MS analysis. C: flowchart for the identification of differentially expressed proteins in GBM vs. EL by label-free spectral counting quantification using Visualize tool. (24, 37) . This approach is known to give highly correlative measures to protein abundance in a complex matrix (37) . In addition, the method is highly sensitive to the detection of subtle changes in protein abundance (48) . Analyzing samples by spectral counting requires prefractionation of a complex proteome. In addition, the fractionation method should be consistent throughout the experiments regardless of inherent differences in samples if any. To meet this requirement, we optimized a protocol using SDS-PAGE with DNA ladder as an internal marker that has been developed by Zhang et al. (71) . The internal DNA marker guides us to cut the gels at the same lane, thereby overcoming the limitation of gel to gel reproducibility, and gives consistent fractionation on any day the sample is analyzed. This is very critical in label-free quantification approach, where samples are analyzed at different time points as in this study.
Previous studies on GBM protein biomarkers have used labeling techniques like iTRAQ and ICPL or gel-based proteomics strategies like 2DE or DIGE (2, 9, 10, 31, 55) . They provided important insights into the molecular mechanisms in the disease. However, most of these reports utilized pooled sample analyses, where it would not be evident if the differential protein expression is from one or all of the patient samples without later verification by other techniques. Proteins that are the common mediators for a disease should be identified in all patient samples. Hence, in this study, we analyzed samples from each patient separately to identify the common regulators of GBM. Using a high-throughput novel proteomics workflow we will be able to identify biomarkers and reveal biological networks and signaling pathways that will allow for a better understanding of GBM pathophysiology. We have used SDS-PAGE with internal DNA marker for protein fractionation to reduce the complexity of the proteome. This is then followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis and label-free quantification to identify differential protein expression in GBM compared with nonneoplastic brain tissue from patients with intractable seizures (epilepsy). In addition to differentially expressed (up-or downregulated) proteins in GBM, we have identified and validated seven proteins that are significantly overexpressed in GBM: nestin (NEST), Ras GTPase-activating-like protein (IQGAP1), nicotinamide phosphoribosyltransferase (NAMPT), annexin A1 (ANXA1), peripherin (PERI), cathepsin B (CATB), and fetuin A (FETUA). These proteins are likely to be functionally significant to GBM as they are involved in tumor cell proliferation, survival, invasion, and angiogenesis. Therefore, the protein biomarkers identified in this study provide us with a better understanding of GBM pathophysiology and have the potential to serve as therapeutic targets with the hopes for better treatment options for GBM patients in the future.
MATERIALS AND METHODS

Materials.
Reagents and chemicals were purchased from SigmaAldrich (St. Louis, MO) unless otherwise noted. Antibodies against IQGAP1, NAMPT, FETUA, CATB, and horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG were purchased from Abcam (Cambridge, MA). Anti-NEST was obtained from Novus Biologicals (Littleton, CO). Anti-PERI and HRP-conjugated donkey anti-goat IgG were purchased from Santa Cruz Biotechnology (Dallas, TX). Anti-ANXA1 antibody was supplied by Cell Signaling Technology, (Danvers, MA). Anti-␤-actin was purchased from Sigma-Aldrich (St.
Louis, MO). HRP-conjugated goat anti-mouse IgG was supplied by R&D Systems (Minneapolis, MN). SDS-PAGE and Western blotting materials were obtained from Life Technologies (Grand Island, NY). ZipTip pipette tips were supplied by EMD Millipore (Billerica, MA). Trypsin Gold was purchased from Promega (Madison, WI).
Sample collection. Both GBM and epilepsy specimens were obtained from temporal region of the brain (5 right temporal and 5 left temporal in GBM and 6 right temporal and 4 left temporal from epilepsy patients). GBM tumor tissue and epileptic brain tissue specimens were collected at the time of tissue resection and snap-frozen in liquid nitrogen within 30 min of removal. The samples were stored at Ϫ80°C in the Brain and Spine Tissue Bank at the Medical College of Wisconsin (MCW) until used for sample analysis by MS.
A total of 10 GBM tumors and 10 epileptic brain tissue samples were analyzed in this study. GBM samples were resected from patients ranging in age from 48 to 67 yr (6 women and 4 men) and epileptic brain samples were from patients ranging in age from 21 to 61 yr (4 women and 6 men). All samples were collected after informed written consent was obtained from patients. The research protocol was approved by the Institutional Review Board at MCW. The GBM tumor tissues were evaluated by routine histologic, immunohistochemical, and angiogenic measurements. Each tissue biopsy sample was fixed in 10% buffered formalin, processed, embedded in paraffin, cut, and stained with hematoxylin and eosin and any other histochemical or immunohistochemical stains needed to fully evaluate the tissue. The diagnostic evaluation of each biopsy was performed in the Department of Pathology at MCW. Diagnosis of GBM was based on morphologic features that are considered histological hallmarks of GBM including high cellularity, nuclear hyperchromatism and pleomorphism, abundant mitoses, endothelial proliferation, and necrosis with or without pseudopalisades. Nonneoplastic brain tissues were obtained at craniotomy from epilepsy patients having surgery for an intractable seizure disorder.
Sample preparation. GBM primary tumor and epileptic brain tissue samples were homogenized and powdered in liquid nitrogen using a mixer mill (Retsch). Samples were maintained at liquid N 2 temperature throughout the process. Homogenized and powdered tissue samples were then resuspended in 5ϫ volume of the weight of the tissue sample in a reducing buffer [125 mM Tris pH 6.8, 4% SDS (wt/vol), 10% glycerol (vol/vol), 5% 2-mercaptoethanol (vol/vol), Complete protease inhibitor (Roche), HALT phosphatase inhibitor (Thermo)]. Samples were then heated to 70°C with mixing at 1,400 rpm for 10 min, sonicated with a tip sonicator for 30 s at power level 3, and then centrifuged at 16,000 g for 10 min at room temperature. The supernatant was then collected and subjected to a Pierce 660 nm protein assay to determine protein concentration. AFAM  PTN13  FKBP5  ITB1  FHR1  TIGD1  K2C3  HBD  PGM1  DJC13  H2A1C  TALDO  H2B1A  GRP78  ADT4  AP3D1  ALDOC  ARF3  UN13A  HNRPR  KIF5C  C170B Gel-based sample fractionation. Protein from tissue samples was fractionated by SDS-PAGE in a modification of the technique of Zhang et al. (71) . In brief, 50 g of protein for each sample was mixed with 5 g of 1 kb Plus DNA Ladder (Life Technologies), sample buffer, and reducing agent and heated to 70°C for 10 min. Proteins from each sample were then separated based on molecular weight on a 7% Tris-acetate gel using Tris-acetate running buffer under reducing conditions by gel electrophoresis at 150 V in a cold room. Gels were fixed for 30 min with 7% acetic acid/40% ethanol and then stained with indoine blue (0.025% in 7% acetic acid/40% ethanol) for 25 min. Destaining with fixing buffer for 10 min followed by rehydration of the gel in MilliQ water overnight allowed for visualization of the DNA ladder marker mixed in with the sample. For each GBM tumor and epileptic brain tissue sample, gel lanes were then reproducibly fractionated by cutting at specific DNA ladder bands (0.85 kb and 0.3 kb bands). This approach resulted in the separation of sample proteins based on molecular weight resulting in three fractions: high-, medium-, and low-molecular-weight fractions (Fig. 1B) .
Destaining and in-gel trypsin digestion of gel pieces. Each sample fraction (i.e., high-, medium-, and low-molecular-weight fractions) was cut into 1 mm gel pieces. Gel pieces were washed three times 10 min in 25 mM NH 4HCO3/50% methanol, three times 1 h in 5% acetic acid/50% methanol, and two times 20 min in HPLC grade water, shaking at room temperature. Gel pieces were then dehydrated by shaking in 100% acetonitrile at room temperature until the gel pieces were opaque white. Excess acetonitrile was removed and discarded, and sample gel pieces were dried in a Speed-Vac for 30 min at medium heat. Gels were rehydrated in a solution of 20 ng/l Trypsin Gold (Promega) in 100 mM NH 4HCO3 and digested overnight at 37°C. Peptides were extracted from the gel pieces in three volumes of 5% trifluoracetic acid/50% acetonitrile for 1 h and then with 0.1% trifluoracetic acid/75% acetonitrile for 1 h, shaking both times at room temperature. Supernatants from both extractions were combined and dried under vacuum at high heat (65°C) for 3-4 h. Samples were desalted with C18 resin-packed ZipTip pipette tips according to the manufacturer's instructions.
LC-MS/MS analysis.
Tryptic peptides from each sample fraction were injected onto a C18 capillary column (5 m particle size, 100 Å pore size; Michrom Bioresources) on a nanoACQUITY UPLC system (Waters). Columns were packed in-house to 10 cm long in 75 m inner-diameter tubing (Polymicro Technologies) with a laser-pulled tip. Peptides were eluted over a 150 min gradient from buffer A (2% acetonitrile, 98% H 2O, 0.1% formic acid) to buffer B (98% acetonitrile, 2% H2O, 0.1% formic acid). The gradient program began with 2 min at 98% A, followed by a 3 min ramp to 95% A, a 115 min ramp to 60% A, a 15 min ramp to 2% A, 3 min at 2% A, 2 min ramp to 98% A, then a 10 min equilibration in 98% A. Eluted peptides underwent electrospray ionization followed by data acquisition in a LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific). MS1 scans were detected in the FTMS section of the Orbitrap Velos in profile mode at a resolution of 30,000 (full width of peak at half-maximum at 400 m/z). The 10 most abundant parent ions from each MS1 scan were selected for fragmentation via collision induced dissociation. Ion intensity threshold was set to 1,000 with normalized collision energy of 35% for MS2 scans in the LTQ section of the instrument. Dynamic exclusion settings omitted any mass observed more than twice in a 30 s interval from selection for fragmentation. Each sample fraction was analyzed in three injection replicates, resulting in nine MS runs for each tissue sample. May 16, 2013) . Search parameters included the differential modifications of methionine oxidation and alkylation of cysteine, trypsin cleavage (K, R) with three missed cleavages allowed, and a precursor m/z tolerance of Ϯ 0.2 Da. Each raw MS data file resulted in one ez2 data file.
Bioinformatics analysis. The data obtained is based on 180 liquid chromatography-mass spectrometry (LC-MS) experiments, where 20 samples were subjected to three fractions each and then three replicate experiments of each fraction on LC-MS. For each sample, the ez2 data files for each of the three fractions and technical replicates of each fraction were combined with Visualize, a software tool developed in-house (21) . Spectral counting quantification and statistical analyses comparing the GBM tumor samples with epileptic brain tissue samples were also performed with Visualize. Data from all patient samples were combined and compared with combined data from epilepsy samples. Visualize gives an output file with data for each protein identified in both the samples, with information on total peptides identified and total scan counts in each sample. From the scan counts, it calculates the scan ratio, normalized scan ratio, and finally normalized log 2 ratio, which we are using to identify the differential protein expression in this study. Normalization is done with respect to the total number of identified scans for each sample. The algorithm also provides the statistical significance of the results by calculating the P values between sample means and standard deviation within sample groups, which we took into consideration while evaluating the data. Proteins with significant differential expression consisted of those with protein probability Ն 0.85 with at least two scans between samples, and P value Յ 0.05. The flowchart of protein quantification by label-free spectral counting approach using Visualize tool is shown in Fig. 1C . Differentially expressed proteins were further analyzed by Ingenuity Pathway Knowledge Database (Ingenuity Systems, Redwood City, CA) to determine their biological significance and relationship to known biochemical pathways. Fisher's exact test was used to calculate a P value to determine the significance of each network and function assessed. P values Յ 0.05 were considered significant. Activation z score was calculated as a measure of functional and translational activation in disease and functional protein networks and upstream regulator analysis. A positive z score signifies activation and negative z score signifies inhibition, and the scores Ն 2 or Յ Ϫ2 were considered significant in this study.
Western blot analysis and quantification. Equal amounts of protein from each of the 10 GBM tumor samples or the 10 epileptic brain tissue samples were pooled into one sample resulting in a pooled GBM tumor sample and a pooled epileptic brain tissue sample. SDS-PAGE and Western blotting were performed by standard methods. The detailed approach with gel composition, membrane type, blocking conditions, and antibody dilutions were varied depending on the protein of interest and are detailed in supplementary methods. 1 The Molecular Imager Gel Doc XRϩ System (Bio-Rad) was used to capture images of resulting exposed film. ImageQuant software was used to quantify Western blot images. ␤-Actin loading controls for each experiment were used to normalize the signals from the proteins of interest.
RESULTS
To identify GBM tumor tissue biomarkers, we used SDS-PAGE fractionation followed by tandem mass spectral analysis and spectral counting quantification of GBM and epileptic brain tissue samples. The overall workflow of this study is represented in Fig. 1A . Ten GBM tumors and 10 epileptic brain tissue samples were analyzed separately and reproducibly fractionated into three fractions based on molecular weight (high, medium, and low) (Fig. 1B) . Peptides for each fraction were analyzed in triplicate by LC-MS/MS, resulting in nine MS runs per sample. SEQUEST algorithm was used for protein identification and Visualize (21) 
The reproducibility was measured across three replicate injections and observed a technical variation Ͻ10%. The proteins that were considered differentially expressed and used for IPA and validations are those that were identified in every GBM sample analyzed. Hence, irrespective of the tumor location in brain, these proteins are expressed in all GBM tumors and, hence, highly specific to the disease condition.
Spectral counting quantification with Visualize software. Analysis of differentially expressed proteins using spectral counting quantification resulted in a distribution of 601 proteins with P value Յ 0.05, which is represented in Fig. 2 . Of these, 213 proteins were identified as overexpressed and common to all 10 GBM tumor samples compared with epileptic brain tissue samples with log 2 ratio Ն 1 (or Ն2-fold). Of the 601 proteins, 323 were within log 2 ratio 1 to Ϫ1, which we considered as equal expression or no significant differential expression of proteins. Lastly, 65 proteins were downregulated with log 2 ratio Յ Ϫ1 and common to all 10 GBM tumor samples compared with scan counts of combined 10 epileptic brain tissue samples. The list of top 100 upregulated proteins is represented in Table 1 . The list of all 601 differentially expressed proteins along with the total number of scans observed in GBM and epileptic brain tissue samples that were used for spectral counting quantification and their normalized log 2 ratios are represented in Supplementary Table S1 .
IPA. To understand the biological significance of the differentially expressed proteins in GBM tumors, we used the IPA tool. This bioinformatics program identifies networks, diseases and disorders, molecular and cellular functions, physiological system development and functions, and canonical pathways that are most relevant to the input data. The number of proteins/molecules and significant P values from the data set are mapped to each network and pathway. The network analysis in the IPA system searches for significant molecular networks integrated from literature, gene expression, and annotation as represented in the commercial IPA knowledge base. We performed IPA analysis of upregulated (213 proteins), downregulated (65 proteins), and differentially expressed (601 proteins) to understand the biological significance of each of these datasets. A summary of the IPA analysis of differentially expressed proteins is given in Table 2 , and those of up-and downregulated proteins individually in Supplementary Table S2 . The top three diseases and disorders in the upregulated and differentially expressed proteins were cancer, neurological disease, and psychological disorders. Interestingly, neurological disease and psychological disorders have been listed as two of the top five diseases and disorders among downregulated proteins as can be seen in Table 2 and Supplementary Table S2 . Of these lists, proteins associated with cancer and neurological diseases are of interest. Hence, we plotted these networks in IPA and those molecules involved in cancer and neurological disease from differentially expressed proteins are listed in Table 3 . The table also shows the up-(by 1 arrow) and downregulation (by 2 arrow) of each protein enlisted. In each of these networks, 27 and 28 of the total 35 molecules, respectively, were identified to be differentially expressed. The interacting networks of these proteins are shown in Fig. 3 .
The molecular and cellular functions associated with our lists of upregulated and differentially expressed proteins included cellular movement, cell death and survival, and cell The boldfaced proteins are identified in our data, and their expression is shown by arrows: upregulation (1) and downregulation (2).
morphology as top hits. In addition, cell assembly and organization and cell morphology were listed in downregulated as well as differentially expressed proteins. All these results point toward the significance of these proteins in cancer biology and specifically brain cancer biology as distinct from neurological disease. Further analysis of diseases and functions of the differentially expressed proteins gave very promising results. This function predicts the disease or functional activation based on the activation z score. The z score is calculated based on relationships in the molecular networks, which represent experimentally observed molecular expression and functional annotation data as derived from the information compiled in the IPA knowledge base. The activation z score Ն 2 is considered significant, and we identified glioma as the only predicted increased activation in the list of cancer proteins with a z score of 2.236 with P value of 9.47E-08. The list of 41 proteins involved in the prediction of glioma annotation along with the log ratios is given in Table 4 . The network annotation of the same is shown in Fig. 4 . This demonstrates the efficiency of the experimental method and the bioinformatics analysis we used for biomarker identification. The canonical pathways along with up-and downregulated proteins in each pathway were represented in stack-bar chart of the differentially expressed proteins. The top three canonical pathways include remodeling of epithelial adherens junctions, epithelial adherens junctions signaling, and signaling by Rho family GTPases. The complete list of canonical pathways with Ϫlog P value of 7 is shown in Supplemental Fig. S1 . Fisher's exact test P value method was used for scoring in this analysis. The overlapping canonical pathways from this list with filter values of a maximum of 25 pathways displayed with 12 common molecules overlapping these pathways are displayed in Supplemental Fig. S2 . This represents the interaction of the pathways and their role in cancer biology, specific to GBM in our study.
Another interesting analysis that we performed with IPA is upstream regulator analysis. This tool predicts which upstream regulators are activated or inhibited based on the protein expression changes observed in the experimental data. This information helps us understand the biological activities occurring in the GBM tumor tissues. Our data predict increased activation for upstream regulators SP1 (z score 3.845), STAT3 (z score 3.726), and several other growth factors, whereas alpha-catenin (CTNN␣) (z score Ϫ3.403) was inhibited among the top regulators with P value of overlap Յ 0.05. The network analyses of these three upstream regulators and the interacting molecules that were used for their prediction are shown in Fig. 5 .
Verification of protein biomarkers by Western blotting. To further validate the results of our MS-based protein expression analysis, we selected seven protein candidates that were significantly overexpressed in GBM for Western blotting experiments. These proteins were selected based on functional relevance to GBM and cancer. As seen in Table 1 , these are among the top 25% of the upregulated proteins in all GBM tumor samples as measured by our spectral counting quantitative analysis. The seven candidate proteins chosen for validation included: NEST, IQGAP1, NAMPT, ANXA1, PERI, CATB, and FETUA. To demonstrate the extent of differential expression, total MS scan numbers for each of these proteins in GBM and epileptic brain tissue samples and their log 2 ratios are given in Table 1 . Western blotting results and quantification of signal intensities of these seven proteins in GBM and epileptic brain tissue samples are shown in Fig. 6 .
As shown in Table 1 and Fig. 6A , NEST is highly expressed in GBM compared with control epileptic brain tissue samples analyzed. The log 2 ratio for NEST in GBM is 7.95 relative to the control. Due to its extensively higher expression in GBM and known existence as a neural stem cell marker, it is our first choice for validation. The Western blot image showed a band at 240 kDa for NEST in the GBM sample and negligible signal in the control sample at the same molecular weight range. Densitometry showed an approximately sevenfold increase in intensity in GBM compared with control (Fig. 6A) . Similarly, IQGAP1, NAMPT, ANXA1, PERI, CATB, and FETUA were overexpressed with log 2 ratios 4.61, 4.52, 3.91, 3.71, 2.83, and 2.73, respectively. The Western blot images complement the MS spectral counting results as demonstrated in Fig. 6 and Table 1 . Interestingly, the 25 kDa active form of CATB (log 2 ratio 2.83) was identified in GBM sample only, whereas the 40 kDa inactive form of CATB is observed in the control sample.
DISCUSSION
This study aimed to identify novel biomarkers in GBM. Due to the highly invasive and diffuse nature of GBM, seemingly healthy tissues surrounding the tumor cannot reliably be used as controls. Hence, nonneoplastic and nonmalignant epileptic brain tissue is commonly used as a control for GBM in biomarker studies (62a, 59 ). In addition, tissue specimens from both GBM and controls should be procured in the same way to keep the degree of variation minimal due to sample handling. Difference in sample collection changes the proteome of a given sample. Hence, we found epilepsy specimens to be the best available controls for GBM, which are nonneoplastic brain tissues and procured in the same manner as GBM tissues from live individuals during surgical resection of biopsy with patient's consent.
Proteins differentially expressed with high significance in GBM tumors compared with epileptic brain tissue are often considered to be GBM-specific biomarkers that could be used as potential therapeutic targets. To identify biomarkers in GBM, we used gel-based fractionation by SDS-PAGE followed by tandem mass spectrometry and spectral counting quantification analysis. The gel-based fractionation used in this study is a high-throughput technique that allows for consistent and reproducible fractionation, which is crucial in label-free quantification. In addition, our label-free spectral counting quantification approach eliminated the limitations of previously reported 2D gel-based and labeling quantification techniques. The outcome also suggests that the workflow we used is very efficient for quantitative proteomics aimed at biomarker identification. This workflow has been used for the analysis of each individual GBM and epileptic brain tissue sample, unlike most of the previous studies where pooled sample analysis has been used for differential expression studies in GBM (31) . To our knowledge, this is the first comprehensive study to analyze tumor biopsies in large scale from each patient individually, where high-throughput protein identification and quantification by MS has been used for GBM biomarker identification.
Many of the differentially expressed proteins identified in this study have been previously reported in GBM biomarker studies using other proteomic methods including 2-DE, 2D-DIGE, and other MS-based techniques (12, 31, 46) . In addition, we identified several new proteins that were not reported before in the context of GBM (Supplementary Table S1 ). The proteins that we identified to be differentially expressed have significant biological relevance to GBM molecular biology and pathophysiology as determined by IPA. Our findings of cancer and neurological disease as the top disease networks and cancer-associated pathways as the main cellular functions in the IPA analysis of differentially expressed GBM proteins validate the efficacy of our technique for the identification of GBM biomarkers. Moreover, the top canonical pathways identified in our analysis include remodeling of epithelial adherens junctions, epithelial adherens junctions signaling, and signaling by Rho family GTPases. Adherens junction signaling and Rho family GTPases are known to be associated with GBM invasion and tumor progression (15, 52) . Proteins associated with the canonical pathways acute phase response signaling, caveolar-mediated endocytosis signaling, intrinsic and extrinsic prothrombin activation pathways, and coagulation systems are all upregulated as seen in Supplemental Fig. S1 . Acute phase response is an inflammatory response triggered either during injury, infection, or malignant growth. Caveolar-mediated endocytosis in associated with cancer progression. These two pathways have also been reported as the top canonical pathways among upregulated proteins in a previous study (55) . The involvement of the hemostatic system in angiogenesis and tumor malignancy is known, which explains the identification of upregulation of the associated proteins (49, 68) . The top networks related to the differentially expressed proteins point to several interesting regulatory proteins including STAT3, SP1, and CTNN␣. STAT3 is a transcription factor activated by many cytokines and growth factors, and its activity is required for tumor growth as it promotes angiogenesis, migration, invasion, cell cycle progression, antiapoptosis, and cell survival. The role of STAT3 in tumor growth has been reported in many types of cancer, including GBM (16, 38) . We identified STAT3 as an upstream regulator with activation z score 3.726, indicating increased activity in the GBM samples studied. Another transcription factor, SP1 (z score 3.845), is shown to be activated in our data. SP1 is known to regulate several cellular processes including cell growth, differentiation, and apoptosis. It is also known to regulate cancer-associated molecule CD147 in lung cancer (33) . Multiple studies have reported that the inhibition of SP1 suppresses several different cancers, including GBM (62, 72) . In addition, we identified several cytokines (IL6, IL4, OSM, EDN1, and IL5), growth factors (FGF2, ANGPT2, NRG1, and the PDGF family), and other kinases involved in cancer progression with activation z scores Ն 2. Similarly, among the inhibited regulators, CTNN␣ is identified with activation z-score Ϫ3.403. CTNN␣ is involved in cell adhesion through association with cadherins. Thus, inhibition of CTNN␣ expression may lead to decreased adhesion, thereby increasing metastasis and invasion in cancer. The role of CTNN␣ in invasiveness and metastatic potential in several cancers has already been reported (56) . Our data suggest that inhibition of CTNN␣ might lead to increased invasion in GBM. Thus, this set of proteins provides further understanding of GBM molecular biology and pathophysiology as well as the potential for new therapeutic targets for the treatment of GBM.
To further validate the efficiency of our approach and data analysis, we did IPA network analysis of proteins that were identified in all 10 epileptic brain tissue samples in this study. In addition to the neurological disease and nervous system development and function as the top most disease and function, we identified seizure disorder (z score 4.22), seizures (z score 4.21), movement disorders (z score 3.95), and ataxia (z score 3.55) to be increased, which are all relevant to epilepsy. This is what we would expect from an analysis of epileptic brain tissues, and it increases our confidence in conclusions drawn based on IPA analysis of the GBM dataset.
In addition to the identification of differentially expressed proteins, we have also validated potential GBM biomarkers by Western blotting. We chose seven potential biomarkers for validation based on both the extent of differential expression and the known functional significance of the protein in either GBM or cancer. Of these, NEST, IQGAP1, NAMPT, ANXA1, CATB, and FETUA were upregulated in GBM, common to all GBM tumors we analyzed, and have all been previously identified to be related to GBM by other methods. We also validated the overexpression observed by MS for a seventh protein, PERI, which has never been reported in the context of adult GBM.
NEST is the most highly overexpressed of all the proteins identified. It is a type VI intermediate filament protein that is transiently expressed in neural stem/progenitor cells during the development of the central nervous system but does not normally persist into adulthood. Recent studies have shown a link between NEST expression and carcinogenesis with a role in tumor angiogenesis, glioma stem cell proliferation, and tumor cell infiltration (7, 41) . NEST has been identified in one other GBM proteomics study using a MS-based technique, but these results were based on analysis of only one GBM tumor sample (66) . In addition to NEST, other intermediate filament proteins already known to be associated with GBM that were found in our study to be significantly overexpressed and identified in all GBM tumor samples include vimentin (log 2 ratio 2.47), desmin (log 2 ratio 1.68), and glial fibrillary acidic protein (log 2 ratio 1.40).
IQGAP1 is a ubiquitously expressed scaffolding protein involved in regulating various cellular processes including actin cytoskeleton organization, cell proliferation, cell migration, cell adhesion, cell cycle regulation, and angiogenesis. Overexpression of IQGAP1 has been associated with several different cancers, including GBM (1, 29, 67) . Interestingly, the expression of IQGAP1 specifies a subpopulation of amplifying nestinϩ cancer cells in a rat model of glioma (1). Furthermore, it has been shown that IQGAP1 regulates cell signaling through the RAF/MEK/ERK pathway in RAS-MAP kinasedriven tumors (27, 58) . To date, IQGAP1 has not been identified by a proteomics study as a GBM biomarker. In addition, the conjunctive unique expression of IQGAP1 and Nestin in human GBM tumor samples has not been observed in any previous proteomics studies.
NAMPT catalyzes the condensation of nicotinamide with 5-phosphoribosyl-1-pyrophosphate to yield nicotinamide mononucleotide, the rate-limiting intermediate in the biosynthesis of NADϩ. NAMPT is a pleiotropic protein that functions not only as an enzyme, but also as an adipocytokine, a growth factor, and a cytokine. This protein plays a role in many cellular processes including DNA damage and repair mechanisms, metabolism, cell proliferation, angiogenesis, inflammation, and resistance to cell death. Overexpression of NAMPT has been linked to several different cancers resulting in the development of therapeutic targeting NAMPT (4, 64) . In addition to other cancers, previous studies have also shown an association of NAMPT in GBM patient serum (4, 64) .
Several annexins (II, IV, V, and A5) have been previously identified in proteomic studies to be differentially overexpressed in GBM tumors (8, 23, 40, 61) . Annexins are a family of calcium-and phospholipid-binding proteins, which have diverse functions including vesicle trafficking, cell division, apoptosis, calcium signaling, and growth regulation and have been identified to be associated with several cancers (13) . We have identified a number of annexins in our study to be overexpressed in GBM tumors including ANXA1 (log 2 ratio 3.91), ANXA2 (log 2 ratio 2.78), and ANXA5 (log 2 ratio 1.35). Previous studies have shown that ANXA2 and ANXA5 promote glioma cell invasion and tumor progression and are shown to be overexpressed in angiogenic compared with invasive GBM tumors (57, 70) . ANXA1, the annexin with the greatest magnitude of GBM overexpression in our study, has been found to be a major component in necrotic tumor cell-derived stimulants of the growth of GBM via the activation of formyl peptide receptor (FPR1) (69) . One other proteomics study has identified and validated ANXA1 as an overexpressed protein in a single GBM tumor sample (66) .
CATB is a lysosomal cysteine protease that is associated with increased tumor cell invasion by proteolytic activation and degradation of extracellular matrix components. Its overexpression has been identified in various cancers including lung, prostate, breast, colorectal, and GBM (43, 54) . This protein is secreted as an inactive proenzyme (ϳ43 kDa) and is activated via proteolytic cleavage (ϳ25-30 kDa) (44) . Interestingly, in our Western blot assay, we observed a band at 25 kDa, corresponding to active CATB, in the GBM tumor samples and not in epileptic brain tissue samples. Conversely, we observed a more prominent CATB band at 40 kDa, the inactive CATB, in epileptic brain tissue samples, but not in GBM. Previous proteomics studies have identified cathepsins D and L in GBM, but not CATB (22, 23, 73) . Thus our results further corroborate the potential for CATB as a GBM therapeutic target.
Fetuins are proteins that are made in the liver and secreted into the bloodstream. These proteins bind to carrier proteins such as albumin and mediate their transport and availability. In addition, fetuins inhibit soft tissue calcification. A previous study has shown that serum FETUA levels are associated with survival of GBM patients. In that study, serum FETUA correlated inversely with glioma grade and GBM patients with normal FETUA serum levels survived longer than those patients with low FETUA serum levels (53). Though we have not correlated the expression level of FETUA with survival of GBM patients, we did observe overexpression of FETUA in GBM tumors. FETUA binds to toll-like receptor 4 (50), and therefore it might be involved in signaling events in GBM tumor cells. Hence, FETUA is overexpressed in tumor tissues as observed in our study.
In addition to the six above-mentioned proteins, we also identified a new GBM biomarker, which was found to be common to all GBM tumor samples analyzed. We identified and validated the overexpression of PERI in GBM tumors compared with control epileptic brain tissue. PERI is a type III intermediate filament expressed in peripheral neurons and known to be overexpressed in neuroblastoma cells (51) . Previous studies have shown that roles played by intermediate filaments in the progression of different cancers include epithelial-to-mesenchymal transition, regulation of major signaling pathways, cell migration and invasion, and cell-cell and cell-substrate adhesions (14, 51) . Thus, PERI is presumed to have a significant role in GBM tumor progression. 
Conclusions
The findings from this study suggest that using a highthroughput novel proteomics strategy with SDS-PAGE with internal DNA ladder followed by tandem mass spectrometry and spectral counting quantification, we could identify differential protein expression in GBM. These proteins are highly specific to GBM irrespective of their location in brain, thus providing important insights into the disease pathology as has been demonstrated by the validated proteins and their involvement in various events of tumorigenesis. Our analysis also provided several other upregulated proteins, like SERPH, PDIA1, CERU, TENA, VTNC, APOE, LEG1, HRG, and FKBP5, that are known to be involved in tumor progression, aggressiveness, and invasion in GBM (3, 17, 18, 28, 30, 32, 39, 45, 47) . In addition to known GBM-associated proteins, novel potential biomarkers identified in this study include CLIC4, NP1L1, IGKC, TAGL2, and YES (Supplementary Table S1 ). These proteins have been identified to be involved in processes promoting cancer progression but have never been previously associated with GBM (35, 36, 60, 63, 65) . With further validations, these proteins may serve as novel therapeutic targets in GBM. Thus, our data provide a unique wealth of knowledge for understanding GBM pathophysiology. These insights suggest potential therapeutic targets, which could provide new and better treatment options in GBM.
